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ABSTRACT: Hybrid liposomes are nanosized liposomal particles and can be prepared
by sonication of vesicular and micellar molecules in a buffer solution. In this study, we
obtained the first successful experiment resulting in a good correlation between inhibitory
effects of hybrid liposomes on the growth of various tumor cells and the membrane
fluidity of tumor cells (plasma membranes). The results indicated that hybrid liposomes
could provide the possibility of novel membrane-targeted nanotherapy for intractable

cancers.
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Membrane fluidity of tumor cells

he dynamics of cell membranes (plasma membranes) are one
Tof the cell biological characteristics of cancer cells. Tumor cell
membranes show changes in the composition and construction,
and the cell membranes are more fluid than those of normal cells.
For example, the cell membranes of leukemia and lymphoma,
which have less cholesterol and more unsaturated lipid contents in
the cell membranes, showed higher fluidity as compared with those
of normal lymphocytes.' > Similar findings were observed for
other cancer cell membranes.’” ' The membrane dynamics with
higher fluidity should be a fundamental property of cancer cells and
closely related to the biological features of the proliferative
potential, invasive potential, and metastatic ability."' "> On the
other hand, conventional chemotherapy for cancers often has
severe side effects that limit their efficacy, as most current antic-
ancer drugs are directed against a nonspecific target DNA or
designed to interfere with nucleic acid biosynthesis. In recent years,
molecular targeted therapeutics have attracted much attention as an
efficient therapy for cancers on the basis of molecular level studies
on human cells. Targeted molecules include specific proteins
expressed in cancer cell membranes, such as epidermal growth
factor receptor (EGFR), human EGFR-related 2 (HER2), and so
on.'®"” However, there is no report on the tumor chemotherapy
targeting the membrane dynamics from the viewpoint of biophy-
sical characteristics of cancer cells.

Hybrid liposomes are nanosized liposomal particles and can
be prepared by sonication of vesicular and micellar molecules in a
buffer solution (Scheme 1)."® The physical properties of hybrid
liposomes, such as shape, size, membrane fluidity, and the tem-
perature of the phase transition, can be controlled by changing
the constituents and compositional ratios.'” In the drug delivery
system (DDS) study, the therapeutic effects of an anti-tumor
drug, 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), encapsulated
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Scheme 1. Schematic Representation of Hybrid Liposomes
(HL-n) Composed of DMPC and C,,(EO), (n = 21, 23, 25)
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into hybrid liposomes composed of L-0t-dimyristoylphosphati-
dylcholine (DMPC) and polyoxyethylene(20) sorbitan mono-
laurate (Tween 20) have been observed for the meningeal
gliomatosis model rats in vivo.2® On the other hand, we have
reported that hybrid liposomes (HL-n) composed of DMPC
and polyoxyethylene(n) dodecyl ethers (C,,(EO),) without
any drugs inhibited the proliferation of various cancer cells
along with apoptosis in vitro>' > and in vivo.”¥*> Furthermore,
successful clinical chemotherapy with drug-free HL-n to pa-
tients with lymphoma has been reported.*®*’ Significantly, we
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have also revealed a good correlation between the membrane
fluidity of HL-n and their growth-inhibitions for colorectal
cancer cells in vitro.”® HL-n having larger membrane fluidity
showed higher inhibitory effects on the growth of colorectal
cancer cells. In addition, HL-n distinguished lung cancer cells
and normal lung cells, which have higher and lower membrane
fluidities, respectively, and fused and accumulated preferentially
into the lung cancer cells.'’ These results suggested that the
anticancer effects of HL-n could be related to the membrane
dynamics of cancer cells. In this study, we investigated the
inhibitory effects of HL-n on the growth of various cancer cells
in vitro and obtained the first successful experiment resulting in
a good correlation between growth-inhibition effects of HL-n
and membrane fluidity of cancer cells.

The hybrid liposomes (HL-n, n = 21, 23, 25) used in this study
were prepared by sonication of a mixture containing 90 mol %
DMPC and 10 mol % C,(EO), (n = 21, 23, 25) in 5% glucose
solution, as described previously.”*”*” The particle size of HL-n was
measured by dynamic light scattering measurements.”> HL-n had
hydrodynamic mean diameters of between 60 and 90 nm with a
single and narrow range of size distribution (Figure S1, Supporting
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Figure 1. 50% inhibitory concentration (ICs,) of HL-n on the growth
of various cancer cells. ICg, values for cancer (HuH-7, Hep-G2,
HCT116, MKN-45, WiDr, A549, HeLa) cells were estimated on the
basis of a WST-1 assay after 48 h of incubation in the presence of HL-n.
Mean =+ S. E. from three independent experiments.

Information). It is worthy to note that HL-n having less than
100 nm in diameter could avoid the clearance by the reticular
endothelial system (RES) in vivo.”” Here, we examined the
inhibitory effects of HL-n on the growth of various human cancer
cells (liver cancer HuH-7 and Hep-G2 cells, colon cancer HCT116
and WiDr cells, stomach cancer MKN-45 cells, lung cancer A549
cells, and cervical cancer HeLa cells) in vitro on the basis of a WST-1
assay.”> The fifty percent inhibitory concentrations (ICso) are
shown in Figure 1. ICs is the concentration of HL-n necessary
to inhibit the growth of cancer cells by half. HL-n potently inhibited
the growth of these cancer cells at ICs, ranging from 95 to 442 uM
for DMPC concentration. The ICg, values decreased in the
following sequence, HeLa cells > A549 cells > HCT116 and WiDr
cells > MKN-45 cells > HuH-7 and Hep-G2 cells, and HL-n could
inhibit the growth of cancer cells in this order.

How do HL-n inhibit the growth of cancer cells? We have
already reported that hybrid liposomes composed of DMPC and
polyoxyethylene(n) alkyl ethers induced apoptosis in cancer cells
such as liver cancer, lung cancer,”” breast cancer,2 colon cancer,”®
lymphoma,”” and primary effusion lymphoma.*' In the present
study, we confirmed the induction of apoptosis by HL-n in cancer
cells on the ba51s of the TUNEL method using confocal laser
microscopy.”® The fluorescence micrographs of cancer (AS49,
MKN-45, HCT116, WiDr, Hep-G2, HuH-7, and HeLa) cells are
shown in Figure 2. All tumor cells employed were dyed in green or
yellow after the treatment with HL-23, indicating that apoptosis
could be induced by HL-23. These observations show that the
inhibitory effects of HL-n were attained through the induction of
apoptosis in cancer cells.

To investigate the accumulation of HL-23 into the plasma
membranes of tumor (AS49, HCT116, Hep-G2, HuH-7, and
HeLa) cells, we used fluorescent lipids NBDPC (HL-23/NBDPC)
and observed the process using a TIRF microscope.”**> The results
are shown in Figure 3a. The fluorescence of HL-23/NBDPC was
observed around the plasma membranes of HuH-7, Hep-G2, and
HCT116 cells. Also, the mean-fluorescence intensity of NBDPC in
the plasma membranes of cancer cells was plotted with time in
Figure 3b. The fluorescence intensity reflects the amount of HL-
23/NBDPC accumulated into the cell membranes. The fluores-
cence intensities for HuH-7, Hep-G2, and HCT116 cells drastically
increased during 8 min after the treatment with HL-23/NBDPC,
though those for AS49 and Hela cells were low and al-
most constant. These results indicate that HL-23/NBDPC could
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Figure 2. Microscopic imaging of DNA fragmentation in cancer cells treated with HL-23. After 48 h of incubation in the presence of HL-23 at the ICsy,
the cancer (HuH-7, Hep-G2, HCT116, MKN-4S, WiDr, A549, HeLa) cells stained with TUNEL (green or yellow fluorescence) and TO-PRO-3 (red
fluorescence) were observed with a confocal laser microscope. Excitation/Detection = TUNEL: 488 nm/510—570 nm, TO-PRO-3: 633 nm/640—700
nm. Scale bar, 10 um.
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Figure 3. Accumulation of HL-23 including NBDPC (HL-23/NBDPC) in
the plasma membranes of cancer cells. (a) TIRF images of cancer (HuH-7,
Hep-G2, HCT116, AS49, HeLa) cells treated with HL-23/NBDPC. Scale
bar, 10 um. (b) Time course of mean-fluorescence intensity of NBDPC
embedded into cancer cell membranes (HuH-7, red; Hep-G2, green;
HCT116, blue; AS49, yellow; HeLa, purple). Mean & S.E. After addition
of HL-23/NBDPC into the culture solutions, the cancer cells were observed
using a total internal reflection fluorescence microscope system equipped with
an air-cooled CCD camera. Excitation/detection = 488 nm/510—570 nm.

accumulate more in the plasma membranes of HuH-7, Hep-G2,
and HCT116 cells as compared with those of A549 and HeLa cells.
Importantly, the accumulations of HL-23/NBDPC into the plasma
membrane of cancer cells were in good agreement with the
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Figure 4. Correlation between the ICsy of HL-n ((a) HL-21, (b) HL-23,
(c) HL-2S) on the growth of cancer cells and the fluorescence polarization
(P) of DPH in the cancer cell membranes. The ICs values of HL-# for cancer
(HuH-7, Hep-G2, HCT116, MKN-45, WiDr, A549, HeLa) cells were those
in Figure 1. The Pvalues of DPH in the cancer cell membranes were evaluated
on the basis of a florescence depolarization assay. Excitation/detection = 360
nm/430 nm. Correlation between the anticancer activity (ICs) of HL-n and
the membrane fluidity (P) of cancer cells was obtained (HL-21: r = 0.95, p <
0.001. HL-23: r = 0.96, p < 0.001. HL-25: r = 094, p < 0.01).

inhibitory effects of HL-23 on the growth of cancer cells (Figure
S2a, Supporting Information). This means that the cancer cells
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accumulating more HL-23/NBDPC could be further inhibited
by HL-23.

From the findings described above, it was suggested that HL-n
had a broad-spectrum anticancer activity and the inhibitory effects
of HL-n might be related to the affinity with the plasma membrane
of cancer cells. On the other hand, a good correlation between the
membrane fluidities of HL-n and their growth-inhibition effects for
colorectal cancer cells was observed.”® To gain further insight into
the anticancer activity of HL-n, we focused on the membrane
dynamics of cancer cells and attempted to investigate the relation-
ship between membrane fluidity of cancer cells and inhibitory
effects of HL-n on the growth of cancer cells. The fluidity of cancer
(AS49, MKN-4S, HCT116, WiDr, Hep-G2, HuH-7, and HeLa)
cell membranes was evaluated from the fluorescence polariza-
tion (P) of fluorescent probe DPH embedded in the plasma
membranes.”* The fluorescence depolarization is caused by the
molecular motion of the fluorescent probe, which reflects the
microviscosity of the surrounding region.” As the P value of
DPH in the cell membranes becomes smaller, the cancer cell
membranes have larger fluidity. P values are plotted against the
ICs values of HL-n as shown in Figure 4 (The P values were
summarized in Table S1 of the Supporting Information).
Interestingly, good correlations between the P values of
DPH in the cell membranes and the ICs, values of HL-n for
the tumor cells were obtained. This result suggests that the
tumor cells having larger membrane fluidity could be further
inhibited by HL-n. Similarly, the P values for the cancer cells
correlated with the accumulation of HL-n (Figure S2b of the
Supporting Information). These results suggest that the
growth-inhibition effects of HL-n should depend on the
membrane fluidity of cancer cells, probably due to the mem-
brane fusion of HL-n with cancer cells. It is plausible that HL-n
could selectively fuse and accumulate into the cancer cell
membranes having high fluidity and inhibit the growth of
cancer cells, leading to apoptosis.

In conclusion, we clarified that hybrid liposomes (HL-n, n =
21, 23, 25) composed of 90 mol % DMPC and 10 mol %
C12(EO), (n=21,23,25) could induce apoptosis for cancer cells
through the specific accumulation of HL-n into the plasma
membranes. Significantly, a good correlation between the in-
hibitory effects of HL-n on the growth of the cancer cells and the
membrane fluidity of cancer cells was observed for the first time.
It was reported that the membrane fluidity increased with
increasing the malignancy of cancer cells.""'****> The results
in this study indicate that HL-n could provide the possibility of a
novel nanotherapy for intractable cancers by targeting the cell
membrane from the biophysical characteristics of cancer cells
and that we should consider the relationship between biological
functions and biophysical fluctuation of cancer cell membranes
for future clinical applications.
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